In the 1990s, vaccine development received a new impetus from the discovery that antigen-encoding DNA plasmids were able to induce cellular and humoral immune responses against pathogenic viruses, bacteria, and parasites (8, 27) . Although different experimental studies performed primarily with mice have shown that the immunity generated by DNA vaccines can confer protection against pathogen challenges (20, 33) , it has also become clear that the efficacy of the vaccine decreases when the same regimen is applied to higher organisms such as primates. In attempts to enhance the immune responses generated by DNA vaccines, the coinjection of plasmids encoding the foreign antigen fused to genes encoding immunostimulatory molecules has been assayed (5, 9) . Moreover, different studies have demonstrated that immunization of animals with haptens coupled to or antigens fused to heat shock proteins (HSPs) in the absence of an adjuvant elicits hapten-or antigen-specific immune responses (2, 16, 22, 23) .
Trypanosoma cruzi is an intracellular protozoan parasite that infects humans and causes Chagas' disease, one of the major public health problems in many countries of Central and South America (25) . Conventional chemotherapy has low efficacy (7), so viable parasites and chronic local inflammations may be detected during the whole life of the patient (31) , making necessary the search for new alternatives to prevent or ameliorate the disease. Vaccines probably constitute the most appropriate approach. The kinetoplastid-specific KMP11 protein was first described for Leishmania donovani associated with the lypophosphoglycan molecule. It has been reported to be a potent inducer of immune cellular responses, and it is thought to have a role in protective immunity (12, 30) . It has been demonstrated recently that the T. cruzi KMP11 protein is located mainly in the parasite's flagellar pocket and that it is associated with the cytoskeleton (28) , structures critical for the mobility of the parasite and for its attachment to the host cell. In the present study, we addressed the questions of whether T. cruzi HSP70 within a DNA vaccine context would have any immunomodulatory effect on the KMP11 antigen to which it is fused and whether this chimeric molecule confers protection against lethal infection by T. cruzi.
To generate the DNA vaccine vectors shown in Fig. 1A , KMP11 and HSP70 genes were obtained from the TcKMP11n clone (28) and the pQE-70 clone (14) , respectively. All the transformants were identified by restriction analysis, and their identities were further confirmed by automatic sequencing. Plasmid DNAs were purified using an Endofree Plasmid Gigakit (Qiagen). The recombinant plasmids (Fig. 1A) express the KMP11 protein and the KMP11-HSP70 fusion protein, as demonstrated by Western blotting of transfected COS-7 cells using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The immunoblots, through the use of polyclonal anti-KMP11 (28) and anti-HSP70 (15) antibodies, showed ( We investigated whether mice of different haplotypes (BALB/ c-H2K
d and C57BL/6-H2K b obtained from IFFA-CREDO (CRIFFA, Lyon, France) would elicit an anti-KMP11 humoral response after inoculation with the vector containing the KMP11-encoding gene alone as well as that containing the KMP11-encoding gene fused to the HSP70 gene. Female mice (6 to 8 weeks old) of both strains and C57BL/6-A2.1/K b transgenic mice (32) received intramuscularly DNA vaccines four times at 3-week intervals. As a control, we immunized mice with the empty vector or with saline solution. The anti-KMP11-specific antibody levels were determined by enzyme-linked immunosorbent assay (ELISA) using purified KMP11 recombinant protein as an antigen, obtained as previously described (29) . The antibody response (immunoglobulin G [IgG]) induced by the DNA constructs is shown in Fig. 2 . Only the sera from the animals vaccinated with the construct expressing the KMP11-HSP70 fusion protein presented high antibody titers, and these titers were slightly higher in the BALB/c strain than in the C57BL/6 strain. In both mouse strains, enhancement of the humoral response occurred in a dose-dependent manner, with a maximum level achieved 2 weeks after the fourth immunization. Moreover, the antibody response was long-lived, since positive anti-KMP11 reactivity could be detected 9 weeks after the last immunization. For both mouse strains, analysis of the IgG subclasses in the pooled sera revealed that immunization with the construct containing the KMP11-HSP70 fused genes induced a clear IgG2a antibody bias (Fig. 3) , which is indicative of a predominant Th1 response.
In an attempt to analyze the ability of HSP70 to induce a KMP11-specific cytotoxic response, we studied the presence of cytotoxic T lymphocytes (CTLs) in C57BL/6-A2.1/K b transgenic mice immunized with DNA plasmids. Cells were cultured in complete medium consisting of Dulbecco's modified Eagle medium (Gibco BRL) supplemented with 10% fetal calf serum (Life Technologies), 2 mM L-glutamine (Gibco BRL), 50 M 2-mercaptoethanol (Sigma), 100 IU of penicillin (Sigma)/ml, and 100 g of streptomycin (Sigma)/ml. Ten units of recombinant murine interleukin-10 (Boehringer Mannheim)/ml was added for the cytotoxicity assays. KMP11-specific peptides (Fig. 4A) containing theoretically estimated A2.1 binding motifs (17) were tested using spleen cells from the immunized mice. Two weeks after the last immunization, pooled splenocytes from two mice per group were stimulated in vitro with EL4-A2.1/K b cells loaded separately with peptide K1, K2, K3, or K4. An EL4-A2.1/K b cell line, expressing the product of the HLA-A2.1/K b chimeric gene (32) , was grown in the presence of 400 g of G418 sulfate (Sigma)/ml. After 6 days of stimulation, a classical chromium assay was carried out. The results are shown in Fig. 4B . CTL activity with specificity towards the EL4-A2.1/K b target cells loaded with the K1 and K4 peptides (60 and 55%, respectively) was observed only in the mice immunized with the plasmid containing the KMP11-HSP70 fused genes. Analysis of the surface phenotype of the generated CTL lines, observed after two in vitro restimulations, showed it to be composed of CD8 ϩ cells (results not shown). This A2.1-restricted cytotoxic response is very relevant, since the HLA-A2 allele is the most common HLA type in sera from people living in areas where Chagas' disease is endemic (13) .
In order to determine whether immunization of BALB/c mice with DNA plasmids provides some degree of protection against T. cruzi infection, we carried out challenges with 10 3 blood trypomastigote forms 9 weeks after the fourth immunization. It has been reported that BALB/c mice are susceptible to T. cruzi experimental infection (10, 18) . The results (Fig.  5A) show that challenged BALB/c mice immunized with the KMP11-HSP70 fused genes or the KMP11 gene have a lower degree of parasitemia than that detected in control mice inoculated with an empty plasmid or with saline solution. Remarkably, we observed that only the mice immunized with the plas- (Fig. 5B ) and presented IgG2a antibodies against KMP11 protein after challenge (Fig. 6) . Recent studies have shown that CTLs against parasite antigens and/or an immune response mediated by CD8 ϩ T cells is required to generate a protective immunity in the initial phase of the disease in order to control T. cruzi infection (26) . Moreover, a humoral immune response, associated mainly with the presence of antibodies of the IgG2a isotype, seems to be essential to maintain the long-term survival of infected animals (3).
Although there are many data supporting the adjuvant-like effects of HSP70 molecules, little is known about the action mechanism of genetic vaccines. A question still unresolved is whether the immune response induced after intramuscular immunization of DNAs is promoted by direct priming (using products expressed by transfected antigen-presenting cells) or by a cross-presentation process. Our findings suggest that the KMP11-HSP70 fusion protein may be expressed and released by monocytes and cross-presented by untransfected antigenpresenting cells. Recently, specific HSP receptors in macrophages and dendritic cells (DCs) have been described (1) . Thus, DCs capture the KMP11-HSP70 fusion antigen, which acts to induce maturation and Th1 cytokine production, and consequently DCs are ready to prime CTL activity. Moreover, it has recently been reported that immunization with OVA protein fused to M. tuberculosis HSP70 protein elicited an OVA-specific CTL response independent of CD4 T cells (11) . That this is the mechanism proposed to overcome the participation of CD4 ϩ T cells in the induction of CD8 ϩ CTLs implies that fused HSPs have the capacity to stimulate DCs, upregulating the levels of major histocompatibility complex classes I and II and costimulatory (B7.2) molecules (4). Preliminary studies (data not shown) support this hypothesis, as we have detected in vitro that KMP11-HSP70 protein is able to promote maturation of murine DCs. In addition, studying the capability of HSP70 to improve the translocation of proteins to different subcellular compartments (6) and to induce the breaking of intracellular proteins (21) would also facilitate an understanding of why HSP70 fused to an antigen leads to a major compatibility complex class I processing pathway and elicits CD8
ϩ CTLs against the antigen. In conclusion, the results shown indicate that immunization with DNA vectors containing the HSP70 gene fused to sequences coding for appro- priate antigens such as, for example, KMP11 could be used for the rational design of efficacious vaccines against T. cruzi infection.
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